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The apparent contrast of a centrally viewed Gabor target patch was measured by contrast 
matching in the presence of Gabor flanking patches positioned on a ring of radius r from the center 
of the target patch. Central patch apparent contrast was determined as a function of the number of 
flanking patches, the radius r of the ring, and the contrasts of both central and flanking patches. The 
apparent contrast of the central patch was reduced by the presence of the flanking patches for all 
experimental conditions. A two layer non-linear model for contrast perception accounts quite well 
for the data. The first layer performs a power function transformation on the contrast signals from 
the patches. The second layer takes the outputs from the first layer and divides them by one plus the 
square root of spatially weighted responses of nearby first layer mechanisms. 
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INTRODUCTION 
A large body of data supports the theory that contrast 
perception in human vision is mediated by contrast 
sensitive mechanisms tuned to various ranges of spatial 
frequency, orientation and spatial position. A more recent 
body of experimental data implies the existence of lateral 
interconnections among these mechanisms by which 
peripherally viewed flanking stimuli can modify the 
threshold or perceived contrast of a centrally viewed test 
stimulus. Ejima and Takahashi (1985) reported that 
rectangular flanking gratings produced either facilitation 
or inhibition in the apparent contrast of a central 
rectangular grating, depending on the geometry and 
contrast of the gratings. Chubb et al. (1989) demonstrated 
that the apparent contrast of a noise texture presented in a 
small centrally viewed disk was suppressed by the 
presence of a similar noise texture of higher contrast 
presented in an annular surround. Cannon and Fullen- 
kamp (1991b) investigated the apparent contrast of a 
small foveally viewed grating filled central patch at a 
contrast of 0.25 in the presence of a grating filled annular 
surround at a contrast of 0.5. When the central patch and 
surround gratings had the same spatial frequency, either 
2, 4 or 8 c/deg, they found an inhibitory effect that 
extended over a distance of at least 12 grating cycles. 
While the suppression effect exhibited spatial frequency 
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and orientation tuning when both surround and center 
gratings were at 8 c/deg, surround gratings that differed 
from the central patch by an octave in spatial frequency 
and 90deg in orientation still provided measurable 
inhibition. This implied that contrast sensitive mechan- 
isms received inhibitory inputs from mechanisms tuned 
to different spatial frequencies and orientations. In a 
subsequent paper Cannon and Fullenkamp (1993) 
investigated the effect of changes in the contrast of the 
central patch and in the surround to center contrast ratio. 
This study collected data from eight observers and 
confirmed that under some conditions of center and 
surround contrast, facilitation or enhancement of the 
central patch apparent contrast can be observed. In 
general, the effect of facilitation appeared to increase as 
contrast decreased, while the effect of inhibition 
appeared to be contrast independent. Most observers 
only showed the low contrast facilitation effect for 
narrow surround annuli adjacent o the central patch. 
Increasing the width of the annulus usually caused 
facilitation to be replaced by inhibition, implying that the 
sum of the inhibitory signals from more distant mechan- 
isms was stronger than the facilitatory signals from 
nearby mechanisms. Facilitation effects also showed 
more individual differences than suppression effects. 
Spatial facilitation effects due to lateral interactions at 
threshold have also been reported in a recent study by 
Polat and Sagi (1993). They measured the threshold of a 
Gabor patch in the presence of two high contrast Gabor 
flanking patches. When the central and flanking patches 
overlapped, they found a threshold increase, probably 
due to masking. However, as the distance between the 
central patch and the flanking patches increased, thresh- 
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FIGURE 1. Experimental stimuli. The single Gabor sine patch in (A) is the test patch. (B)-(D) The central comparison stimulus 
in the presence oftwo, four and eight flanking patches. The flanking patches inthis figure are at a radius of 4 cycles. The type of 
stimuli n (B)-(D) are referred to later in the text as the standard stimulus. 
old decreased. A minimum was reached at central to 
flanking patch distance of 3 cycles. A small threshold 
reduction was still present at 6 cycles but disappeared ata 
distance of 12 cycles. The experimental evidence seems 
to point toward a network of interconnections that 
produces patial facilitation across mall spatial distances 
at low contrasts and spatial inhibition across larger 
distances at moderate to high contrasts. 
While the 1993 paper of Cannon and Fullenkamp 
provided evidence for the existence of both facilitation 
and inhibition networks, the stimuli were not adequate for 
a study that would allow development of a quantitative 
model. In order to study the lateral interaction effects 
with more precision, we decided to replace the hard 
edged central patch with a Gabor sine patch and the 
surround annulus with a number of spatially isolated 
Gabor flanking patches positioned on a circle of radius r 
surrounding the central patch. A unique feature of this 
approach is that, besides allowing us to study how the 
strength of the lateral interaction effects decrease as 
circle radius r increases, it provides a means to study the 
increase in interaction strength as a function of the 
number of flanking patches at a constant radius. It was 
hoped that this study would lead to the development of a 
model describing the perceived contrast of the target 
stimulus as a function of the distance and spatial extent of 
the flanking stimulus. 
In order to simplify our task we have concentrated on 
contrast levels higher than the level at which facilitation 
effects appeared for most observers in our previous work. 
Investigation of the facilitation effects using Gabor 
patches will be left to a future study. 
METHODS 
Contrast matching was used to determine how the 
apparent contrast of the central target patch was affected 
by the presence of the flanking patches. The single Gabor 
patch shown in panel A of Fig. 1 will be referred to as the 
test stimulus, while the Gabor patch embedded at the 
center of a ring of Gabor flanking patches, such as those 
shown in the other three panels of Fig. 1, will be referred 
to as the comparison stimulus. The contrasts of the 
comparison stimulus and its flanking patches were fixed 
during each experimental run and the flanking patches 
were always presented simultaneously with the compar- 
ison stimulus. All patches were vertically oriented 
8 c/deg Gabor sine functions with a space constant (the 
distance between the center and the 1/e point of the 
envelope) equal to 1 cycle. The comparison and test 
stimuli were presented for 1 sec within consecutive 2 sec 
intervals marked by auditory tones. The order of 
presentation of test and comparison stimulus was 
randomized. A 5 sec delay with a uniformly illuminated 
display screen followed the second presentation. 
The matching method used was 2IFC Bekesy tracking. 
The observer indicated by pressing a switch, which 
interval contained the central patch of higher contrast. If 
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the isolated test patch was chosen as the higher contrast 
stimulus, its contrast was decreased by a factor of 1.15 for 
the next presentation. If the comparison stimulus was 
chosen as having the higher contrast, the contrast of the 
test patch was increased by a factor of 1.15 for the next 
presentation. The contrast of the first test patch presenta- 
tion in each experimental session was always set so it had 
higher apparent contrast han the comparison patch and 
the session was terminated after 10 reversals of the 
staircase. The apparent contrast of the central comparison 
patch for this session was computed from the mean of the 
contrasts at which reversals occurred. 
The central patch apparent contrast was determined in
the presence of flanking patches placed on the circum- 
ference of circles with radii of 3, 4 and 6 cycles. At a 
given radius, up to eight flanking patch conditions were 
studied. Each condition corresponded to a different 
number of flanking patches. The numbers were N = 0, 
1, 2, 4, 6, 8, 12 and 16 patches. However, the maximum 
number of patches that could be placed on a circle varied 
with the radius of the circle. The maximum numbers were 
eight patches for a radius of 3 cycles, 12 patches for a 
radius of 4 cycles and 16 patches for a radius of 6 cycles. 
The maximum number of flanking patches, in each case, 
produced a flanking stimulus that looked like a 
continuous, grating filled ring with blurred edges. In all 
other conditions there was no physical overlap among the 
flanking patches onthe circle. 
In experimental conditions where one flanking patch 
was presented (N = 1), the apparent contrast of the central 
patch was determined for four different flanking patch 
configurations. The configurations consisted of a single 
flanking patch placed on the vertical or horizontal axis 
(right, left, above and below the center). In experimental 
conditions where two flanking patches were presented 
(N = 2), the apparent contrast of the central patch was 
also determined for four different flanking patch config- 
urations. The configurations consisted of patches on the 
horizontal or vertical axes or on either diagonal axis. In 
experimental conditions where four flanking patches 
were presented (N= 4), the apparent contrast of the 
central patch was determined for two different flanking 
patch configurations (flanking patches on the horizontal 
and vertical axes or flanking patches on the diagonal 
axes). In experimental conditions where six or more 
flanking patches were presented, the central patch 
apparent contrast was determined for one flanking patch 
configuration. Five experimental sessions were run for 
each configuration mentioned above and a mean central 
patch apparent contrast was calculated for each config- 
uration. Similar multiple flanking patch experiments 
were conducted at the three radii, r = 3, 4, and 6 cycles. 
In order to simplify the analysis of the data, it would be 
helpful if the subject's apparent contrast judgments could 
be averaged across configurations for each N (number of 
patches) and r (radius) resulting in one central patch 
apparent contrast value per observer at each r and N. This 
would be possible if the central patch apparent contrast 
were shown to be independent of the configuration of the 
N flanking patch(es) on the circle of radius r. Each of the 
four observers aw 18 experimental conditions involving 
multiple configurations of N patches (three values of N, 
three radii and two different central patch contrasts). An 
analyses of variance (ANOVA) at the 0.05 level was 
performed on each observer's data for each of these 
conditions. These analyses howed that the central patch 
apparent contrasts were, in all but three cases, statistically 
independent of the configuration of the flanking patches 
around the circle. Each significant difference occurred for 
a different observer and a different value of N. Two of the 
significantly different cases occurred at a central patch 
contrast of 0.25; the other at a central patch contrast of 
0.063. The differences in apparent contrast for these three 
cases, while significant, were very small. Based on this 
analysis (69 out of 72 analyzed cases showing no 
significant difference with configuration) we felt justified 
in averaging the apparent contrasts for different flanking 
configurations to give each observer one mean matching 
contrast for each r and N. 
The radius r was not quite the same for all flanking 
patches on a given circle. The horizontal coordinates of 
those flanking patches positioned off the horizontal and 
vertical axes were adjusted so that the centers of the 
Gabors were always an integral number of cycles away 
from the display center along the horizontal axis. 
Inspection of panel D in Fig. 1 reveals how the 
adjustment preserved phase alignment among the flank- 
ing patches. This alignment allowed all patches to merge 
in phase for the conditions when the flanking patches 
appeared to form a continuous ring. The maximum 
deviation from the nominal r caused by the adjustment 
was 6%. This deviation is quite small and will be ignored 
in subsequent discussions. 
In all experiments described in this paper, the display, a 
Conrac 2600 C 15 monitor with a white P4 phosphor, was 
set to an average luminance of 100 cd/m 2. The Gabor 
patches were generated by a modulation around this 
luminance. The display screen subtended 4 x 4 deg of 
visual angle and was surrounded by a large cardboard 
mask illuminated at the same luminance as the screen. 
The computer-generated images were stored in a PC 
vision frame grabber board resident in an 80386 
computer. Image contrasts were set by a computer- 
controlled video signal processor built in-house. System 
calibration was performed with a Pritchard Spectra 
photometer and showed that contrast was linear with 
input voltage up to a contrast of 0.65 at the 100 cd/m 2 
luminance. 
RESULTS 
Experiment 1: Fixed flank: Center contrast ratio 
This section reports results of experiments hat were 
conducted with the flanking patch contrast set at twice the 
central patch contrast. Central patch contrasts were either 
0.25 or 0.063. The matching results for individual 
observers are summarized in Fig. 2. The data are plotted 
as central patch apparent contrast vs the number of 
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FIGURE 2. Experiment 1 results. The data points are mean apparent contrasts from individual observers averaged across 
multiple trials as outlined in the text. The data are plotted to show apparent contrast of the central patch as a function of the 
number of flanking patches. The upper row of panels shows data recorded with a central patch contrast of 0.25 and a flanking 
patch contrast of 0.5. The lower row of panels shows data recorded with a central patch contrast of 0.063 and a flanking patch 
contrast of 0.125. Circles and the two types of triangles denote the same observers in all panels. The squares represent one 
observer in the upper row of panels and a different observer in the lower row. Central patch apparent contrast decreases with the 
number of flanking patches. 
flanking patches, N. The upper row of panels shows data 
for a central patch contrast of 0.25 and flanking patch 
contrast of 0.5. The lower row shows data for a central 
patch contrast of 0.063 and surround patch contrast of 
0.125. Each column of panels represents a different 
radius for the circle on which the flanking patches are 
positioned. The radius decreases from left to right. 
The data points are means from five experimental 
sessions for N = 6 and higher. The number of experi- 
mental sessions for smaller values of N are larger as 
described in the Methods section. The standard devia- 
tions for averages across five experimental sessions for 
N = 6 or across 20 experimental sessions (five repetitions 
at four different positions on the circle) for N = 1 were 
relatively constant. An error bar of length equal to twice 
the average standard eviation for all data is shown in the 
top right panel of the figure. Three observers are common 
to both high and low contrast central patch conditions. 
The data indicated by squares were produced by one 
observer in the high central patch contrast condition and 
by a different observer in the low central patch contrast 
condition. The data show an overall increase in the 
amount of suppression as the radius of the circle defining 
the location of the flanking patches decreases. No 
obvious facilitation effects were observed for Gabor 
patches at these radii and contrast levels. All observers 
produced very similar responses for the central patch 
contrast of 0.25 but individual differences appear for the 
smaller radii at a central patch contrast of 0.063. 
However, to study the overall effect of increasing the 
number of patches we averaged across all four subjects to 
obtain the mean apparent contrast curves for each central 
patch to flanking patch distance (r). These average curves 
are shown in Fig. 3. 
Figure 3(A) shows the mean apparent contrasts for a 
central patch contrast of 0.25. Figure 3(B) shows the 
mean apparent contrasts for a central patch contrast of 
0.063. The relative separation among the curves for the 
three flanking patch radii are similar at the two contrast 
levels and indicate that average suppression i creases as 
the distance between center and flanking patches 
decreases. The main difference between the two panels 
appears to be that the suppression for N = 1 patch is 
relatively greater at a central patch contrast of 0.25 than 
at a central patch contrast of 0.063. 
Experiment 2: Change in center contrast with flank 
contrast fixed 
This section reports results of matching experiments 
that measured the apparent contrast of a central patch, as 
a function of N, for three different central patch contrasts. 
The flanking patches were held at a contrast of 0.5, while 
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FIGURE 3. Central patch apparent contrast averaged across four observers. The lines connect mean central patch apparent 
contrasts determined with flanking patches at a common radius. (A) Data for a central patch contrast of 0.25 and a flanking patch 
contrast of 0.5. (B) Data for a central patch contrast of 0.063 and a flanking patch contrast of 0.125. Suppression of the central 
patch apparent contrast increases as the radius decreases. The relative suppression is somewhat smaller in (A) but the ordering 
with radius and the general shape as a function of the number of flanking patches remain the same. 
SURROUND CONTRAST = 0.5 
0.4 
0.2 
I-- 
Z 
0 
tJ 0.1 
I-- 0.08 
n~ 0.06 
n 
n 0.04 
,,a: 
0.02 
A 
e"e-e--e--....e__e_______~e 
C c = 0.25 
un'~i-um----lu~-- -" -n  
C c = 0.125 
~"- -A - - -  A • 
C c = 0.063 
I I I I I I I 
0 2 4 6 8 10 12 14 
1.05 
1.00 
I -  
z 
O 0.95 
O 
0.90 
ILl 
0.85 
a. 
a. 0.80 
0.75 
I-- 
¢~ 0.70 
14.1 
Iv' 0.65 
B 
&'""" ~k 
I I I I I L I 
0 2 4 6 8 10 12 14 
NUMBER OF FLANKING PATCHES 
FIGURE 4. Experiment 2 results. The curves how the central patch apparent contrast averaged across four observers at three 
different central patch physical contrasts with flanking patch contrast fixed at 0.5. (A) The actual apparent contrast values. 
(B) The same data on linear coordinates after normalization to the apparent contrast of the central patch when no flanking 
patches are present. The relative suppression is the same for all three experimental conditions. 
the central patch contrast was set at either 0.25, 0.125 or 
0.063. The radius of the circle on which the flanking 
patches were positioned was fixed at r = 4 cycles. The 
observers who participated in this study were the same 
four who participated in the previous experiment with the 
flanking patch contrast=0.5 and the central patch 
contrast= 0.25. Central patch apparent contrast data 
were averaged across the four observers and plotted in 
semi-log coordinates in Fig. 4(A). The curve for a central 
patch contrast of 0.25 is represented by the solid circles in 
Fig. 4(A). 
This is the same r = 4 cycle data shown as the filled 
squares in a linear plot in the left panel of Fig. 3. The 
other two curves for central patch contrasts of 0.125 and 
0.063, are new data and are almost identical in shape to 
the data obtained with the central patch contrast of 0.25. 
The same data are shown in Fig. 4(B), plotted on linear 
coordinates and normalized to the apparent contrast at 
N= 0. The normalized curves are identical in shape 
except for responses at N = 12. Thus, relative suppression 
is independent of the flank: center contrast ratio. This 
constancy in relative suppression is exactly what one 
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FIGURE 5. Model block diagram. This illustration shows the interconnections that mediate the perceived contrast of a central 
patch located at position 3. Flanking patches are located at positions 1, 2, 4 and 5. If there are no flanking patches, PC 3 = R 3. The 
network extends spatially to the right and left as well as out of and into the page. In the complete model, all ec j  units would have 
an output. Each PCj unit in the second layer would receive the same type of inputs; adirect input from the Rj unit above it and 
inhibitory inputs from all other first layer units. 
would expect if the suppression were caused by divisive 
inhibition from the flanking patches, since the flanking 
patch contrasts were constant in experiment 2. 
MODEL DEVELOPMENT 
We will now attempt to formulate a simple model that 
can account for our data. The model we will discuss will 
not be the usual model composed of spatial filter 
mechanisms tuned to a variety of spatial frequencies, 
orientations and spatial positions (Wilson & Bergen, 
1979; Watson, 1982; Cannon & Fullenkamp, 1988, 
1991a). We do not yet have enough information to 
specify the interconnection weights among filter mechan- 
isms tuned to different spatial frequencies and orienta- 
tions. Instead, we will concentrate on developing a model 
that can account for the perceived contrast of a single 
small Gabor patch in the presence of N other non- 
overlapping Gabor patches of the same spatial frequency 
and orientation. The functional form of the model 
obtained in this way will be a valuable first step in the 
realization of a more complex model that incorporates 
filters tuned to different orientations, spatial frequencies 
and spatial positions. 
At this point we will digress briefly to explain the 
difference between the term perceived contrast, used 
above, and the term apparent contrast, used in previous 
sections of this paper. The perceived contrast of a 
stimulus is a computation performed by the visual system 
that determines the internal sensation magnitude pro- 
duced by that stimulus. The perceived contrast of a 
stimulus can be estimated by contrast scaling experi- 
ments such as magnitude estimation. The apparent 
contrast of the same stimulus is the physical contrast of 
the test stimulus that matches it in perceived contrast. 
Consequently, its apparent contrast depends on the 
physical parameters of the test stimulus. Changing the 
size or spatial frequency content of the test stimulus can 
change the apparent contrast of the comparison stimulus. 
The model we propose has two processing layers with 
equal numbers of mechanisms in each layer and is loosely 
based on Heeger's (1992) model of divisive inhibition in 
the cat cortex. A block diagram of the model is illustrated 
in Fig. 5. 
First layer computations consist of a non-linear 
transformation on the contrast of the Gabor patch. This 
transform for the Ith mechanism is represented by a 
function F(kCI), where C] is the patch contrast and k is a 
scale factor. Each second layer mechanism takes the 
output of the first layer mechanism directly above it and 
divides it by one plus the pooled, spatially weighted, 
outputs from all other first layer mechanisms. This 
computation is shown in the equation for PCI in the lower 
right-hand corner of Fig. 5, where the pooling is 
represented as a function G of the product of Wl j  and 
Rj summed over all first layer responses. The outputs of 
the second layer mechanisms provide a perceived 
contrast map of the stimulus. A major difference between 
our model and Heeger's model is that we use psycho- 
physically derived perceived contrast functions as our 
first layer response functions, rather than the neurophy- 
siologically derived cortical cell responses. 
Research using magnitude stimation techniques has 
demonstrated that the perceived contrast of sine wave 
gratings and Gabor patches shows an initial steep rise 
over a 0.2-0.3 log unit (factor of 1.58-2.0) contrast range 
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HGURE 6. Model response to central patch stimuli matching contrasts from Fig. 3. These curves represent the response of the 
first layer of the lateral interaction model to a single Gabor patch set at the contrasts necessary to produce the matching data 
shown in Fig. 3. We call this output a perceived contrast signal. Since two matched stimuli have the same perceived contrast, he 
curves in Fig. 6 also represent the response of the model second layer to the central comparison patch in the presence of N 
flanking patches. Central and comparison patch contrasts differ in the two panels of the figure. These curves provide the data 
needed to compute the strength of the lateral inhibition by which the flanking patch responses suppress response to the central 
patch. See text for details. 
above threshold and then changes lope to rise as a power 
function of contrast with an exponent of 0.5-0.7 
(Gottesman, Rubin & Legge, 1981; Cannon, 1984, 
1985; Cannon & Fullenkamp, 1988, 1991a). Further- 
more, once beyond the rapidly rising portion of the 
function, both foveal and peripheral stimuli have the 
same perceived contrasts when physical contrasts are 
equal. Our Gabor patch thresholds, measured in the fovea 
using a 2IFC staircase method, and averaged across four 
observers was 0.0125. Peripheral thresholds measured in 
a similar manner for patches at an eccentricity of 6 cycles 
was about 0.018. This implied that the perceived contrast 
of peripherally viewed stimuli would reach the power 
function phase at a contrast of about 2 x 0.018 or 0.036, 
which is still well below the lowest contrast (0.063) used 
in our experiments. Consequently, we simplified the 
model further by representing first layer responses as 
power functions of contrast. Attempts to model lateral 
interaction effects at contrasts near threshold will be left 
to future studies. 
Model computations 
As a first cut at quantifying the perceived contrast of 
the central patch in the presence of N flanking patches, 
consider the following two equations: 
R(C) = (kC) °'5 (1) 
PC(r,N, Cc,CF) = R(Cc)/(1 + G(sX[W/(r ) x R(CF)])). (2) 
Equation (1) gives the response produced in the first 
processing layer of Fig. 5 by a single Gabor patch of 
contrast C. The function F(kCI) in Fig. 5 is now defined as 
(kCI) 0"5. The sensitivity parameter k was set at 128 in this 
study to make the second layer PC response values 
comparable in amplitude to magnitude estimates of 
perceived contrast obtained in previous tudies (Cannon, 
1984, 1985; Cannon & Fullenkamp, 1988, 1991a). 
PC(r,N, Cc,CF) in equation (2) is the perceived contrast 
of the central patch of what we will refer to as our 
standard stimulus and is the output of the second layer in 
Fig. 5. The standard stimulus consists of a central patch 
(previously referred to as the comparison stimulus) of 
contrast Cc and N flanking patches of contrast CF located 
on a circle of radius r. The radius, r, is expressed incycles 
or periods of the Gabor's sinewave component. R(Cc), 
computed from equation (1), is the first layer contrast 
response elicited by the central patch at contrast Cc. 
R(CF) is the first layer response of a flanking patch of 
contrast CF. This term is also computed from equation 
(1). The lateral inhibition, pooled across the first layer 
responses to the flanking patches, is the function 
G(Y.[WI(r) × R(CF)]). In the text we will subsequently 
refer to this function simply as G. In order to develop a 
useful model we must determine a specific form for the 
inhibitory function, G, so that we can compute the 
inhibition for any combination of flanking patches. 
Consider an idealized contrast matching experiment. 
Assume that the observer is first shown a standard 
stimulus with parameters r,N, Cc and CF, such that the 
perceived contrast of its central patch is given by 
equation (2). The observer is then shown a test stimulus 
consisting only of a central patch. The observer is asked 
to adjust he physical contrast of the test stimulus until its 
perceived contrast is the same as the perceived contrast of 
the standard stimulus central patch. Call this physical 
contrast Cmatc h. The value of Cmatc h will depend on the 
configuration of the standard stimulus. It will be some 
function of r~,Cc and CF. It should be clear from Fig. 5 
that the perceived contrast of the test stimulus can be 
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FIGURE 7. Inhibitory weights. These plots show the amplitude of the inhibitory function G required to obtain equality in 
perceived contrast between the central patch of a standard stimulus and the central patch test stimulus et at the experimentally 
determined matching contrast. The smooth curves through the data are best fits of two types of power functions. See text for 
details. 
calculated from equation (2) with the inhibitory function 
G = 0. In this case, where there is only one input patch, 
the output of the second layer (the perceived contrast) is 
the same as the output of the first layer. When G = 0, 
equation (2) reduces to 
PC(r,N,C¢,CF) = g(fmatch(r,lW, fc , fF) )  (3) 
where the right-hand side of equation (3) is simply the 
first layer response to the central patch test stimulus when 
the test stimulus contrast was adjusted to Cmatc h. m match 
in perceived contrast between test and standard central 
patches requires that the right-hand sides of equations (2) 
and (3) be equal. This equality is expressed in equation 
(4). 
R(Cmatch(r,N, Cc,CF)) = R(Cc)/(1 + G 
(Z[WI(r) x R(Cv)])). (4) 
Mean Cmatc h values for the experimental condition where 
the flanking patch contrast was twice the central patch 
contrast are displayed in Fig. 3 (C¢ = 0.25, CF = 0.5 and 
Cc = 0.063, CF = 0.125). If we now take each of the 
Cmatc h contrast values from Fig. 3 and plug them into the 
left-hand side of equation (4), we map the matching 
contrasts into perceived contrast values for the test patch. 
These magnitudes are illustrated in Fig. 6. They represent 
the perceived contrast, eC(fmatch) of a single Gabor test 
patch when the physical contrast of that patch is adjusted 
so that it has the same perceived contrast as the central 
patch of one of the standard stimuli. 
The curves have shapes similar to the matching 
contrasts in Fig. 3 but their dynamic range is smaller 
due to the 0.5 power compression of the contrast response 
function. The three curves in each panel of Fig. 6 
represent  Pf(Cmatch) vs N for three different values of r 
with Cc and CF fixed. Panel A shows the results for 
Cc=0.25 and CF=0.5. Panel B shows results for 
Cc = 0.063 and CF = 0.125. 
Since R(C¢) and R(CF) can also be calculated by 
simple power function transforms on Cc and CF, our next 
step was to solve equation (4) for G at all r, N, and CF 
values represented in Fig. 6 and to plot the resultant G 
values. The data points in Fig. 7 are values of G that solve 
equation (4). Figure 7 is also divided into two panels. 
Panel A represents conditions where C¢=0.25 and 
CF=0.5, while panel B represents conditions where 
Cc = 0.063 and CF = 0.125. The G values are organized 
into three functions in each panel. Each function 
represents a different radius, as indicated in the figure 
legend. These functions how the dependence of G on N 
with the parameters r, Cc and CF fixed. The solid and 
dashed curves are best fits of two different power 
functions to the G values. The dashed curve was obtained 
by fitting the function G = aN b to the points, with both a 
and b as free parameters. 
The values of a and b from the curve fits are given in 
the first two columns of Table 1. Except for the r = 6 
cycles, Cc = 0.25 condition, the exponents are all above 
0.4. The average of the six exponents, b, turned out to be 
0.465. This was sufficiently close to a square root 
function that we then fitted a second set of curves of the 
form cN °'5 to the G points. These fits are shown as the 
solid curves in Fig. 7 and are very similar to fits of the 
form aN e. Parameter c is shown in the third column of 
Table 1. 
G appears to be a power function of N, the amplitude of 
which increases as the distance between the flanking 
patches and the central patch decreases. Since each set of 
G values was based on responses from only four 
observers and since G functions of the form cN °'5 appear 
to provide a satisfactory fit to the data, we decided to 
simplify our model by basing subsequent evaluations of 
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TABLE 1 
r Amplitude--a Exponent b Amplitude--c Exponent 
Central patch contrast= 0.25 
6 0.0450 0.390 0.0354 0.5 
4 0.0631 0.434 0.0556 0.5 
3 0.0677 0.555 0.0741 0.5 
Central patch contrast= 0.063 
6 0.0219 0.490 0.0215 0.5 
4 0.0408 0.436 0.0360 0.5 
3 0.0498 0.483 0.0485 0.5 
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FIGURE 8. Spatial weighting functions for the two contrast conditions 
studied in experiment 1. The functions demonstrate that he inhibition 
decreases xponentially with the distance between the central and 
flanking patches. 
the form of G on this function. Finer tuning of the form of 
G awaits a larger observer sample set. A possible 
formulation for the response pooling in G that explicitly 
involves a spatial weighting function and the responses of 
first layer mechanisms tothe flanking patches is shown in 
equation (5). 
G(r,N,Rs(CF) ) = (X[WI(r) x R(CF)]) °5. (5) 
These weighted responses are summed over all flanking 
patches and the sum is raised to the 0.5 power. If all 
flanking patches are located at the same distance, r, from 
the central patch and all R(CF) values are equal, the right- 
hand side of equation (5) can be simplified to the form 
shown in equation (6). 
(Xlv[Wl(r) × R(CF)])°'s= (N x WI(r) x R(CF))°'5.(6) 
Parameter c, in our least squares fit of cN °'5 to G would 
then be 
c = (WI(r) x R(CF)) °'5. (7) 
The first layer responses to the flanking patches, R(CF) 
can be calculated from equation (1) and the inhibitory 
weights for individual flanking patches, Wl(r), can be 
determined by rearranging equation (7) as shown below 
WI(r) = c2"°/R(CF). (8) 
The values of Wl(r) obtained from this solution are 
plotted on semi-logarithmic coordinates in Fig. 8. The 
lines are fits of functions of the form ae -bx to the data. 
Apparently, WI(r) decreases exponentially with distance 
between central patch and flanking patch. 
The average space constant from the exponential fits 
was 1.86 cycles. Both the amplitude and the space 
constant of the best fitting exponentials show a small 
decrease with contrast. The amplitude decreases by a 
factor of 1.03 while the space constant decreases by a 
factor of 1.07. These are small changes and to a first 
approximation we conclude that contrast has no effect on 
the amplitude of the spatial weighting function. We are 
now in a position to write down the equation for the 
perceived contrast of the central patch of our standard 
stimulus with the form of G explicitly defined. The 
function is 
PC(r,N, Cc,CF) = 
R(Cc)/(1 + (N × W' x e -r/r° × R(CF))°5) .  (9) 
Wl(r) is now represented by W' exp(-r /ro)  where 
W' = .00311 and ro is the space constant of 1.86 cycles. 
We have developed our model from the perceived 
contrast ransformations of Fig. 6, so one would expect 
that a good approximation tothe data points in that figure 
should be computable from equation (9). However, we 
made some simplifying assumptions about parameter 
values along the way. Specifically, the exponent of the 
inhibitory weighting function was rounded up to 0.5 and 
W' exp ( -  r/ro) was defined with mean values of W' and 
ro. It is appropriate to check the validity of these 
assumptions by determining how well equation (9) 
computations can account for the perceived contrast 
values in Fig. 6. In this computation we simply plug the 
appropriate values of r, Cc, CF and N into equation (9) 
and compare the curves with the points in Fig. 6. The 
results of these computations are shown in Fig. 9. The 
data points in Fig. 9 are the same as those in Fig. 6, but 
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FIGURE 9. Computed model responses account for the perceived contrast data in Fig. 6. Perceived contrast computations were 
performed using equation (9) to check whether the cumulative affect of approximations made for the inhibitory space constant 
and the power function describing inhibition growth with N had resulted inreduced model fidelity. The curves describe the main 
features of the data so the approximations were not excessive. 
the smooth curves through the data are the model 
computations. Each curve represents the model response 
as a function of N for a fixed radius, r. Clearly, the model 
responses capture the main features of the data. Our 
approximations have not compromised the validity of the 
model. In the next section we apply the model in a 
predictive mode to a data set that was not used in model 
development. 
Model prediction of experiment 2 data 
In experiment 2, the perceived contrast of the test 
stimulus was matched to the perceived contrast of the 
standard stimulus, central patch, where the standard 
stimulus had N flanking patches with a physical contrast, 
6 
t~ 
tU 5 
I -  
t~ 
I -  
z 4 
0 
~ a 
0.  
0 
SOLID LINES = PREDICTED PERCEIVED CONTRASI 
WITH C~ = 0.5 
C c = .25 
C c = .063 
0 2 4 6 8 10 12 14 
NUMBER OF FLANKING PATCHES 
FIGURE 10. Model predictions of new perceived contrast data. The 
data points are the results of experiment 2 ransformed into perceived 
contrasts. The model predictions of these perceived contrasts are the 
smooth curves. The model accounts for the main features of the data. 
CF,  of 0.5 and central patch physical contrasts, Co  of 
0.25, 0.125 or 0.063. The radius r was 4 cycles for these 
experiments. The test stimulus matching contrasts were 
shown in Fig. 4 as a function of N for the three values of 
Co  As in our previous computations, we inserted these 
matching contrasts as Cmatch values into equation (3) to 
compute the test stimulus perceived contrasts for all the 
test stimulus matches in experiment 2. These test 
stimulus perceived contrasts are the solid circles in Fig. 
10. 
Each point in Fig. 10 also describes the perceived 
contrast of the central patch of a standard stimulus to 
which the test patch was matched. If our model is correct, 
these standard stimulus central patch perceived contrasts 
should be computable from equation (9) with W(r) and ro 
set to the values derived in the previous section of this 
paper. The model predictions for the standard stimulus 
central patch perceived contrasts are the lines through the 
points in Fig. 10. The upper curve and data points are the 
same as the middle curve and data in Fig. 9(A), so it is not 
a prediction, but the lower two curves are true response 
predictions and account very well for the central patch 
perceived contrasts at these two lower central patch 
physical contrasts. This good fit further validates the 
model and allows us to write down a general form of our 
expression for the perceived contrast of any Gabor patch 
surrounded by N equal sized flanking patches at distances 
r n • 
N 
PC=R(C)/1 +(n~=lW ' × e -r"/r° × Rn(Cn)) °'5 (10) 
In this equation all flanking patches are indexed by n. The 
form of the equation implies that the patches may be of 
different contrasts Cn and distances rn. This is an equation 
that can be tested in future experiments where the 
standard stimulus contains flanking patches at several 
different radii and contrasts. 
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DISCUSSION 
We have been able to account for our data with a fairly 
simple feed-forward ivisive inhibition model. Strictly 
speaking, we have only shown agreement between the 
calculated perceived contrast of the central patch of a 
standard stimulus and the calculated perceived contrast of 
a test patch. However, once we use equation (9) to 
calculate the perceived contrast of the central patch of a 
standard stimulus, we also know the perceived contrast of 
the matching test patch. It is then a simple matter to 
perform the inverse transform from the perceived 
contrast o the physical contrast of the test patch. Thus, 
we can specify the physical contrast of a test patch 
required to match the central patch of any standard 
stimulus in perceived contrast. In that sense, the model 
accounts for the matching data. 
In an earlier paper (Cannon & Fullenkamp, 1993) we 
demonstrated that suppression of a grating filled central 
disk by a grating filled annular surround increased with 
an increase in the surround:center contrast ratio. This 
finding seems to be at odds with our current data where 
changes in the flank:center contrast ratio from 2:8 did 
not alter the form of the suppression, as shown in Fig. 10 
of this paper. Inspection of Fig. 8 of our 1993 paper, 
however, illustrates that the suppression caused by the 
annular surround becomes nearly constant for surround •- 
center atios above 2, in agreement with our current data. 
Most of the change in suppression occurred for surround 
to center ratios less than 2. 
It was mentioned earlier that the model was only 
designed to be used with Gabor patch stimuli, but further 
simulations may show that, after some minor parameter 
adjustment, he boxes in the first layer of Fig. 5 can be 
replaced by non-linear spatial filter mechanisms similar 
to those specified in our previous models (Cannon & 
Fullenkamp, 1988, 1991a). Our optimism is based on the 
fact that the Gabor patches used in these experiments are 
just slightly larger than the spatial filters proposed in our 
earlier models. The space constant for the Gabors is 1 
cycle vs the 0.707 cycle spatial filter space constant in our 
1988 and 1991a models. We assume that the response 
from each patch will be primarily due to a small group of 
filter mechanisms positioned near the center of the patch 
and that mechanisms tuned to spatial frequencies half an 
octave away and orientations 30 deg away from the 
sinusoidal component of the Gabor patch will have 
outputs that are significantly smaller than the group of 
mechanisms that are closely tuned to the exact spatial 
frequency and orientation of the sinusoidal component. 
To the extent hat these assumptions are true, our model 
describes the inhibitory network connecting vertically 
oriented mechanisms tuned to 8 c/deg. Data describing 
how the inhibitory interconnection strength varies with 
the spatial frequency of the central patch and with 
orientation and spatial frequency differences between 
central and flanking patches require further study. 
However, the present study, as it stands, provides 
psychophysical support for the idea that inhibitory lateral 
interactions among contrast sensitive mechanisms are 
mediated by divisive inhibition. 
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